
. .  
Aerothermal 
and. .Actively 

s: NASA 
I T ! ?  
' 1595 
" c.1 

' I ,  

Performance of a 
: Cooled, Panel at 

- , 

. ,  

5 

Charles P. Shore and Irving Weinstein - '  .~ 

I 
. .  

J 
. .  DECEMBER 1979 .. - ,  

' ,  



TECH LIBRARY KAFB, NM 
~ " 

0334590 

NASA Technical Paper 1595 

Aerothermal  Performance of a Radiatively 
and Actively Cooled Panel at Mach 6.6 

Charles P. Shore and  Irving Weinstein 
Langley Research  Cerlter 
Hampton,  Virgizria 

National  Aeronautics 
and  Space  Administration 

Scientific  and  Technical 
information Branch 

1979 



SUMMARY 

A f l i g h t - w e i g h t   r a d i a t i v e   a n d   a c t i v e l y   c o o l e d  honeycomb  sandwich  panel 
(RACP) was s u b j e c t e d  t o  m u l t i p l e   c y c l e s   o f   b o t h   r a d i a n t   a n d   a e r o t h e r m a l   h e a t i n g  
to e v a l u a t e  its aero thermal   per formance .  The 0.61-m ( 2  f t )  by 1.22-m ( 4  f t )  
test  s p e c i m e n   i n c o r p o r a t e d   t h e   e s s e n t i a l   f e a t u r e s  of a f u l l - s c a l e  0.61-m ( 2  f t )  
by 6.1-m ( 2 0  f t )  RACP des igned  t o  w i t h s t a n d  a u n i f o r m   i n c i d e n t   h e a t   f l u x   o f  
136 kW/m2 (1 2 B t u / f t 2 - s e c ) .  The test  spec imen   cons i s t ed   o f  Ren$ 41 h e a t  
sh ie lds   backed   by  a t h i n   l a y e r   o f   h i g h - t e m p e r a t u r e   i n s u l a t i o n   a n d   a n  aluminum 
honeycomb sandwich   pane l   w i th   ha l f - round   coo lan t   t ubes   nex t  t o  the  sandwich 
s k i n .  A 60/40 mass s o l u t i o n   o f   e t h y l e n e   g l y c o l / w a t e r  was used to  cool t h e  RACP. 
A t o t a l  o f   15   t he rma l  tests, f ive   o f   which   combined   rad ian t   and   aero thermal  
h e a t i n g   s e g m e n t s ,   c o n d u c t e d   i n   t h e   L a n g l e y   8 - f o o t   h i g h - t e m p e r a t u r e   s t r u c t u r e s  
t u n n e l   s u b j e c t e d  t h e  RACP to  r e p r e s e n t a t i v e   e n v i r o n m e n t a l   h e a t i n g   c o n d i t i o n s  a t  
a nominal   f ree-s t ream Mach number of  6.6.  The RACP s u c c e s s f u l l y   w i t h s t o o d  a 
t o t a l  of 3.5 hr  of r a d i a n t   h e a t i n g   a n d   1 3 7  sec i n   t h e  t e s t  stream and  responded 
t o  t h e  r ad ian t   and   ae ro the rma l   hea t ing  as p r e d i c t e d  ( i . e . ,  t h e  heat s h i e l d s  
reached 1 080 K (1 945O R) a n d   t h e  cooled pane l   r eached  a maximum tempera ture  of 
382 K (687O R) midway between  coolant  t u b e s ) .  V a r i a t i o n   o f   t h e   c o o l a n t   i n l e t  
t empera ture  permitted s i m u l a t i o n  of t h e  thermal performance for t h e   f u l l - s c a l e  
p a n e l   a n d   i n d i c a t e d   t h a t   t h e   f u l l - s c a l e  RACP would per form  as   expec ted .  Post- 
t es t  examinat ion of t h e  cooled pane l   r evea led   no   ev idence  of c o o l a n t   l e a k a g e  
and no ev idence  of ho t -gas   i ng res s   wh ich   cou ld   s e r ious ly   deg rade   t he  cooled- 
panel   thermal   per formance  . 

INTRODUCTION 

A c t i v e l y   c o o l e d  s t ruc tu ra l  panels   have  been proposed t o  handle  t h e  sus- 
t a ined   severe   thermal   envi ronment   which  w i l l  be encountered  by  future   hydrogen-  
f u e l e d   h y p e r s o n i c  cruise  v e h i c l e s  ( refs .  1 t o  4) . Coupled t o  t h e   h e a t   s i n k  of 
t h e   l i q u i d   h y d r o g e n   f u e l ,   a c t i v e   c o o l i n g   a l l o w s   t h e   a i r f r a m e   s t r u c t u r e  t o  w o r k  
a t  r e l a t i v e l y  low t empera tures  so t h a t   c o n v e n t i o n a l  materials can be used t o  
o b t a i n   l o n g - l i v e d   s t r u c t u r e s .   C o o l i n g  of t h e  e n g i n e s   a n d   e n g i n e   i n l e t s ,  how- 
eve r ,   mus t   r ece ive  top p r i o r i t y   i n   d e s i g n ;   t h e r e f o r e ,   u n c e r t a i n t y   e x i s t s  about 
t h e  amount   o f   hydrogen   hea t   s ink   ava i lab le   for   a i r f rame  cool ing .  I t  is well- 
known t h a t   r a i s i n g   t h e   v e h i c l e  outer s u r f a c e  temperature to l e v e l s  a t  which  an 
appreciable amount  of t h e   i n c i d e n t   h e a t  load is r a d i a t e d  b a c k  t o  the   a tmosphere  
c a n   s u b s t a n t i a l l y   r e d u c e   t h e   h e a t   l o a d   w h i c h   m u s t  be absorbed by t h e  a i r f r a m e  
cool ing  system.  Thus,   combining a r a d i a t i v e   t h e r m a l   p r o t e c t i o n   s y s t e m   w i t h   a n  
a c t i v e l y   c o o l e d   s t r u c t u r a l   p a n e l  permits adjus tment   o f   a i r f rame  cool ing-sys tem 
h e a t   l o a d s  t o  l e v e l s  compatible with  hydrogen flow r e q u i r e m e n t s  for t h e   e n g i n e s  
and   s imul t aneous ly  allows maximum u s e  of  t h e  ava i l ab le   hydrogen   hea t - s ink  capac- 
i t y .  As d i s c u s s e d   i n   r e f e r e n c e   5 ,   t h e   c o m b i n e d   r a d i a t i v e   a n d   a c t i v e l y   c o o l e d  
structure a l s o  reduces to t a l  system mass a n d   p r o v i d e s   o t h e r   b e n e f i t s ,   i n c l u d i n g  
i n c r e a s e d   s a f e t y   a n d   r e l i a b i l i t y ,   t o l e r a n c e   o f   o f   f - d e s i g n   c o n d i t i o n s ,   a n d  ease 
o f   f a b r i c a t i o n   f o r   t h e  cooled panel .  
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To assess t h e   p e r f o r m a n c e   c h a r a c t e r i s t i c s   o f  a combined   r ad ia t ive   and  
a c t i v e l y   c o o l e d   s t r u c t u r a l   p a n e l ,  a 0.61-m ( 2   f t )  by 1.22-m ( 4  f t )  test  specimen 
was d e s i g n e d   a n d   f a b r i c a t e d   u n d e r   c o n t r a c t   f o r  tests i n  NASA f a c i l i t i e s .  The 
r a d i a t i v e   a n d   a c t i v e l y   c o o l e d  test p a n e l   ( d e s c r i b e d  i n  ref. 6 )   i n c o r p o r a t e s  a l l  
t h e   e s s e n t i a l   f e a t u r e s   o f  a f u l l - s c a l e  0.61-m ( 2   f t )  by 6.1-m (20 f t )  p a n e l  
des igned  to  w i t h s t a n d  a u n i f o r m   i n c i d e n t   h e a t   f l u x   e q u i v a l e n t  to  1 3 6  kW/m2 
(12  Btu/f t2-sec)  t o  a 422 K (760O R) surface tempera ture .  The t es t  p a n e l  fea- 
tures co r ruga t ion - s t i f f ened ,   beaded- sk in  R e d  41 hea t   sh i e lds   backed   by  a t h i n  
l aye r   o f   h igh - t empera tu re   i n su la t ion   con ta ined   w i th in  a s t a i n l e s s - s t e e l   f o i l  
package  and  an  adhesively  bonded aluminum  honeycomb s a n d w i c h   s t r u c t u r e   w i t h  
ha l f - round   coo lan t   t ubes   nex t  t o  the   s andwich   sk in .   F rames   r ep resen ta t ive  of 
t y p i c a l   t r a n s p o r t   c o n s t r u c t i o n   s u p p o r t   t h e   p a n e l  a t  0.61-m ( 2  f t )   i n t e r v a l s .  
The p a n e l  was s u b j e c t e d  t o  1 5  thermal tests, f ive   o f   which   combined   rad ian t  
and   aero thermal   hea t ing  test  segments t o  r ep resen t   env i ronmen ta l   hea t ing   cond i -  
t i o n s .  A l l  tests were conducted   in   the   Langley   8- foot   h igh- tempera ture   s t ruc-  
t u r e s   t u n n e l .   F o r   t h e   a e r o t h e r m a l  tests, t h e   f r e e - s t r e a m  Mach number was 6.6 
and   t he   un i t   Reyno lds  number per meter was 4.7 x 1 O 6  (1 . 4  x 1 O 6  per  f o o t ) .  

C e r t a i n   c o m m e r c i a l   m a t e r i a l s   a r e   i d e n t i f i e d   i n   t h i s  paper to  s p e c i f y   a d e -  
qua te ly   wh ich  materials were i n v e s t i g a t e d   i n   t h e   r e s e a r c h   e f f o r t .   I n   n o  case 
does   such   ident i f ica t ion   imply   recommendat ion  or endorsement   of   the   product   by 
NASA, nor  does i t  i m p l y   t h a t   t h e   m a t e r i a l s   a r e   n e c e s s a r i l y   t h e   o n l y   o n e s  or t h e  
b e s t   o n e s   a v a i l a b l e   f o r   t h e   p u r p o s e .   I n  many c a s e s   e q u i v a l e n t   m a t e r i a l s  are 
a v a i l a b l e   a n d   w o u l d   p r o b a b l y   p r o d u c e   e q u i v a l e n t   r e s u l t s .  

SYMBOLS 

Va lues  a r e   g i v e n   i n   b o t h   S I   U n i t s   a n d  U.S. Customary  Units.  The measure- 
men t s   and   ca l cu la t ions  were made i n  U.S. Customary  Units .  

R p a n e l   l e n g t h ,  m ( f t )  

M Mach number 

P p res su re ,   Pa  (psi)  

q dynamic   p ressure ,  Pa ( p s i )  

4 h e a t   f l u x ,  W/m2 ( B t u / f t 2 - s e c )  

R unit   Reynolds  number,  per meter ( p e r   f o o t )  

T tempera ture ,  K (OR) 

t time, sec 

X I Y  p a n e l   c o o r d i n a t e s ,  cm ( i n . )  (see f i g .  5 )  

CL ' a n g l e   o f   a t t a c k ,   d e g  (see f i g .  5 )  

AP d i f f e r e n t i a l   p r e s s u r e ,   p o s i t i v e   i n w a r d ,  Pa (psi)  



Subscr i p t s  : 

1 local c o n d i t i o n s  a t  edge of boundary   l aye r  

S surf ace 

t t o t a l  cond i t ions   i n   combus to r  

00 f r e e  stream 

APPARATUS AND TESTS 

Rad ia t ive   and   Ac t ive ly   Coo led   Pane l  

D e s i g n   c r i t e r i a . -  The d e s i g n   o f   t h e  0.61-m (2 f t )  by 1.22-m ( 4  f t )  tes t  
p a n e l  was based on a f u l l - s c a l e  0.61-m ( 2  f t )  by 6.1-m (20 f t )   r a d i a t i v e   a n d  
a c t i v e l y   c o o l e d   p a n e l   d e s c r i b e d   i n   d e t a i l   i n   r e f e r e n c e  6 .  To e n s u r e   t h a t   t h e  
p a n e l  was r e p r e s e n t a t i v e  of h y p e r s o n i c   t r a n s p o r t   s t r u c t u r e ,  it was des igned  
to a v o i d   f a i l u r e   f r o m  crack p ropaga t ion   and   f a t igue ,  t o  a v o i d  catastrophic 
f a i l u r e  from loss of   coolan t   supply ,   and  t o  w i t h s t a n d   t h e   a c o u s t i c a l   e n v i r o n -  
ment of h y p e r s o n i c   a i r c r a f t .  The test specimen was des igned  t o  w i t h s t a n d  a 
u n i f o r m   i n c i d e n t   h e a t   f l u x   e q u i v a l e n t  to  1 3 6  kW/m2 (1 2 Btu / f t2-sec)  t o  a 422 K 
(760° R )  surface t e m p e r a t u r e .   T h e   s t r u c t u r e  was des igned  t o  s u s t a i n   c y c l i c  
in-plane limit l o a d i n g  of 1.21 0 kN/m (21 200 l b f / i n . )   p a r a l l e l  t o  t h e  1.22-m 
( 4  f t )   e d g e ,   a n d  a uni form  pane l  limit l a t e r a l  p r e s s u r e  of k6.89 kPa  (1.1. 0 p s i ) .  
Design l i f e  for t h e   s t r u c t u r e  was 1 0  000-hr exposure t o  maximum temperatures 
and 20 000 c y c l e s  ( 5 0 0 0  c y c l e s  w i t h  a scat ter  f a c t o r   o f   f o u r )  to d e s i g n  limit 
l o a d   a n d   t e m p e r a t u r e   w i t h o u t   f a t i g u e   f a i l u r e ,   w i t h o u t  crack growth t o  a c r i t i -  
c a l   l e n g t h   i n   t h e   s k i n s ,   a n d  w i t h o u t  s u r f a c e  crack g r o w t h   t h r o u g h   t h e   t h i c k n e s s  
of t h e  coo lan t   pas sage .  A f a c t o r  of s a f e t y   o f  1 .5 was a p p l i e d  t o  in-plane 
loads, coolan t   p ressures ,   and   aerodynamic  pressures t o  o b t a i n  ul t imate  loads. 
The p a n e l  was des igned  for any  combination of limit l o a d s   a n d   t e m p e r a t u r e  w i t h -  
o u t  y i e l d i n g  or s i g n i f i c a n t   p e r m a n e n t  set and   for   any   combina t ion  of u l t i m a t e  
l o a d   a n d   t e m p e r a t u r e   w i t h o u t   f a i l u r e .  

G e n e r a l   d e s c r i p t i o n . -   T h e   r a d i a t i v e   a n d   a c t i v e l y   c o o l e d   p a n e l  (RACP) eva l -  
u a t e d   i n  t he  p r e s e n t   i n v e s t i g a t i o n  was d e s i g n e d   a n d   f a b r i c a t e d   u n d e r   c o n t r a c t .  
The test spec imen   cons i s t ed  of f ive  components :  two h e a t  shields,  t w o  insu-  
l a t i o n   p a c k a g e s ,   a n d   a n   a c t i v e l y  cooled p a n e l .   F i g u r e  1 shows  th ree   o f  the  
components  arranged to  ind ica t e   t he   a s sembly   s equence .   The  RACP f e a t u r e s  
co r ruga t ion - s t i f f ened ,   beaded- sk in  R e d  41 heat sh i e lds   backed  by a t h i n   l a y e r  
of h igh - t empera tu re   i n su la t ion   con ta ined   w i th in  a s t a i n l e s s - s t e e l  f o i l  package 
and by an  adhesively  bonded  aluminum honeycomb  sandwich s t r u c t u r e   w i t h  h a l f -  
round   coo lan t   t ubes   nex t  t o  t h e   s a n d w i c h   s k i n .   F r a m e s   r e p r e s e n t a t i v e   o f   t y p i -  
cal  t r a n s p r t   c o n s t r u c t i o n  support t h e   p a n e l   a t  0.61 -m ( 2  f t )  i n t e r v a l s .  The 
test p a n e l   d u p l i c a t e s   t h e   e s s e n t i a l   f e a t u r e s  of t h e   f u l l - s c a l e   d e s i g n   e x c e p t  
t h a t   t h e   c o o l a n t   i n l e t   a n d   o u t l e t   m a n i f o l d s  located a t  t h e   p a n e l   e n d s   a r e   o n l y  
1.22 m ( 4  f t )  a p a r t  rather t h a n  6.1 m ( 2 0  f t ) .  The h e a t   s h i e l d  has  a l o n g i t u -  
d i n a l  row o f   f a s t e n e r s  to  s i m u l a t e  a splice a n d   t r a n s v e r s e  s l i p  j o i n t s  t o  allow 
thermal  growth. The l o n g i t u d i n a l  splice was n o t   n e c e s s a r y  for t h e  test p a n e l  
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b u t  was i n c l u d e d   s i n c e   t h e   h e a t - s h i e l d   d e s i g n  does require a l i m i t e d  number 
of s u c h  splices. 

Design de t a i l s  of h e a t   s h i e l d s   a n d   i n s u l a t i o n   p a c k a g e s .  - F i g u r e  2 shows 
some o f   t h e   d e s i g n   d e t a i l s  of t h e   h e a t   s h i e l d s   a n d   i n s u l a t i o n   p a c k a g e s   a n d  also 
ind ica t e s   t he   hea t - sh i e ld   suppor t   and   a t t achmen t   s cheme .   The   hea t   sh i e lds   con -  
sist of a 0.025-cm (0.01 0 in . )   beaded   ou te r   sk in   and  a 0.025-cm (0.01 0 i n .  ) cor- 
r u g a t e d   i n n e r   s k i n   s p o t - w e l d e d   t o g e t h e r .   P i t c h   o f   t h e   b e a d s   a n d   c o r r u g a t i o n s  i s  
5.08 cm ( 2   i n .  ) . The  crown i n   t h e   b e a d e d   s k i n  is 0.32 cm (0.1 25   in .  ) ; t h e   w i d t h  
o f   t h e   f l a t s   b e t w e e n   b e a d s  i s  2.03 cm (0.8 i n . ) :   a n d   t h e   h e i g h t   o f   t h e   c o r r u -  
g a t i o n  is 0.508 cm (0 .20   in .  1 . The i n s u l a t i o n   p a c k a g e   c o n s i s t s  of 256 kg/m3 
(1 6 l b / f t 3 )  Min-K i n s u l a t i o n   ( m a n u f a c t u r e d  by Johns-Manvi l le   Corpora t ion)  
0.32 cm (0.1 25   in .  ) t h i c k ,   c o n t a i n e d   i n  0.008-cm (0 .003  in . )   and  0.003-cm 
(0.001 i n . )   s t a i n l e s s - s t e e l   f o i l  on t h e   o u t e r   a n d   i n n e r   s u r f a c e s ,   r e s p e c t i v e l y .  
M a c h i n e d   s t a i n l e s s - s t e e l   s t a n d o f f  posts i n t e g r a t e d   w i t h   t h e   i n s u l a t i o n   p a c k a g e s  
s u p p o r t   t h e   h e a t   s h i e l d s .   S t a i n l e s s - s t e e l   s h o u l d e r   b o l t s  a re  used t o  f a s t e n  
t h e   h e a t   s h i e l d s   a n d   i n s u l a t i o n   p a c k a g e s  t o  t h e   c o o l e d   p a n e l .  The b o l t s   p a s s  
t h r o u g h   t h e   h e a t   s h i e l d s ,   s t a n d o f f  posts, and   cooled   pane l   and  are  r e t a i n e d  by 
p l a t e   n u t s   a t t a c h e d  to  t h e   i n n e r  s k i n  of t h e   c o o l e d   p a n e l .   T h e   s h o u l d e r s   o n  
t h e  bolts provide  a c o n t r o l l e d   g a p  t o  prevent   c lamping  of t h e   h e a t   s h i e l d s  
and to allow l o n g i t u d i n a l   t h e r m a l   e x p a n s i o n   o f   t h e   s h i e l d s .  A t  t h e   t r a n s v e r s e  
j o i n t ,   t h e  upstream h e a t   s h i e l d   o v e r l a p s   t h e   d o w n s t r e a m   h e a t   s h i e l d .   C u t o u t s  
i n   t h e   c o r r u g a t i o n s  and  beads  a l low  the upstream h e a t   s h i e l d  to  rest  o n   t h e  
downstream  shield a l l  a l o n g   t h e   t r a n s v e r s e   e d g e .   S l o t t e d   h o l e s   i n   t h e   f l a t s  
be tween  cor ruga t ions  are  s i z e d  to accommodate  thermal  expansion  of  one-half  of 
e a c h   s h i e l d .  The s h i e l d s  are r e s t r a i n e d  a t  midspan   and   permi t ted  t o  grow i n  
e a c h   d i r e c t i o n ,   T h e r m a l   g r o w t h   i n   t h e   t r a n s v e r s e   d i r e c t i o n  is absorbed  by 
growth of the   beads   and   co r ruga t ions .  

D e s i g n   d e t a i l s  of cooled  panel . -  A s  shown i n   f i g u r e  3, t h e   c o o l e d   p a n e l  
is an  aluminum  honeycomb  sandwich s t r u c t u r e   w i t h   h a l f - r o u n d   c o o l a n t  t u b e s  next  
t o  t h e   o u t e r   s k i n .  The c o o l a n t   m a n i f o l d s ,   t u b e s ,   a n d  honeycomb core are adhe- 
s i v e l y  bonded t o  t h e   i n n e r   a n d   o u t e r   s k i n s  of t h e   s a n d w i c h   ( f i g s .   3 ( a )   a n d   3 ( b ) ) .  
The manifolds   have  dual   chambers   which  provide  uniform  cool ing  across   the  panel  
w i d t h .   C o o l a n t   e n t e r s   a n d   e x i t s   t h e   p a n e l  a t  t h e   c e n t e r   l i n e   t h r o u g h   t h e   o u t e r  
manifold  chamber.   The  manifold  ends are cooled  as t h e   c o o l a n t   t u r n s   t h e   c o r n e r s  
a t  the   mani fo ld   ends   and   f lows   in to   the   second  chamber ,   where  i t  is  d i s t r i b u t e d  
i n t o   i n d i v i d u a l   t u h e s .  To provide  close c o n t r o l   o n   t u b e   s t r a i g h t n e s s   a n d   o b t a i n  
bond- l ine   th icknesses   o f  less than  0.025 cm (0.01 0 i n . ) ,   i n d i v i d u a l   t u b e s  were 
brazed t o  small t abs   wh ich  were then  bonded t o  small pockets m a c h i n e d   i n   t h e  
m a n i f o l d s   ( f i g .   3 ( c ) ) .  Close c o n t r o l   o n   t h e   b o n d - l i n e   t h i c k n e s s  was r e q u i r e d  
t o  m a i n t a i n   t h e   h i g h   i n t e r f a c e   c o n d u c t a n c e   b e t w e e n   t h e  outer s k i n   a n d   c o o l a n t  
t u b e s   t h a t  i s  n e c e s s a r y  t o  p reven t   t he   a luminum  s t ruc tu re   f rom  exceed ing   t he  
des ign   t empera tu re   o f  422 K (760° R ) .  

Because  of cost c o n s i d e r a t i o n s ,   t h e   t e s t - p a n e l   m a n i f o l d s  were f a b r i c a t e d  as 
a three-p iece   weldment   ra ther   than  an ex t rus ion   which   would  be used  in   produc-  
t i o n .  To p rov ide   p rope r   a l i gnmen t   o f   t he   t uk / t ab   a s sembl i e s   w i th   t he   man i fo lds  
and to  min imize   adhes ive   l eakage   i n to   f l ow  pas sages   du r ing   t he   bond ing  opera- 
t i o n ,  small neoprene  rods were i n s e r t e d   i n   t h e   c o o l a n t   p a s s a g e s   t h r o u g h   h o l e s  
i n   t h e   b o t t u n   o f   t h e   m a n i f o l d s   ( f i g .   3 ( c ) ) .   A f t e r   t h e   a s s e m b l y  was bonded, t h e  
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rods were removed  and  the  manifolds  sealed wi th   p lugs .   P roof   p re s su re   checks  
a t  1.31 Mpa (1 90 ps i )  a n d   i n f r a r e d   s c a n s   o n   t h e  completed as sembly   i nd ica t ed  
t h e   t e s t - p a n e l   c o o l a n t   f l a w  to be r easonab ly   un i fo rm  wi th   no   l eakage .  

L o n g i t u d i n a l   a n d   t r a n s v e r s e  splice plates 0.082-cm (0.032  in . )   and 
0.254-cm ( 0 . 1 0   i n . )   t h i c k ,   r e s p e c t i v e l y ,  are used t o  j o i n   a d j a c e n t   p a n e l s  
a n d   t r a n s f e r   l o a d s  fran one   pane l  to a n o t h e r   i n  a s t r u c t u r a l   a s s e m b l y  
( f ig .  3 ( a ) ) .   B o t h  splice plates are m e c h a n i c a l l y   f a s t e n e d   a n d   a d h e s i v e l y  
bonded to  t h e  cooled p a n e l .  The adhes ive  provides s u f f i c i e n t   c o n d u c t i v i t y  
t o  p r e v e n t   t h e  splice plates from exceed ing   t he  422 K (760° R) d e s i g n  temper- 
a t u r e ,   a n d   s i n c e   t h e   a d h e s i v e   h a s  a low s h e a r   m o d u l u s ,   t h e   f a s t e n e r s  were 
des igned  t o  t r a n s f e r  a l l  the   l oads .  

Two methods were used to  p r o v i d e   s u p p o r t   f o r   t h e   f a s t e n e r s   a n d  t o  p r e v e n t  
crushing  the  a luminum honeycomb when i n s t a l l i n g   t h e   f a s t e n e r s   ( f i g .  3 ( a ) ,  sec- 
t i o n  A-A) . I n  areas under   the   hea t - sh ie ld   s tandoff   pos ts   where   h igh   conduc-  
t i v i t y  is needed to  t ransfer   hea t ,   an   a luminum  bushing  was used. Away f rom  the  
s t a n d o f f   p o s t s ,   t h e  honeycomb core was f i l l e d   l o c a l l y   w i t h  a p o t t i n g  compound 
t h a t  cured  sol id  when t h e   s k i n s  were bonded to  t h e  core. A d d i t i o n a l  de t a i l s  of 
t h e  t e s t - p a n e l   d e s i g n   a n d   f a b r i c a t i o n   a r e   g i v e n   i n   r e f e r e n c e  6 .  

Cooling  System 

The system shown i n   f i g u r e  4 was used t o  cool t h e  RACP. The  system  con- 
sists of a 19-kl  (5000 g a l )   s t o r a g e   t a n k   f i l l e d   w i t h  a 60/40 mass s o l u t i o n  of 
e t h y l e n e   g l y c o l / w a t e r ,   c i r c u l a t i o n  pumps, f low-cont ro l   va lves ,   and  a 47-kW 
( 1 3 . 5   t o n )   r e f r i g e r a t i o n   u n i t   w h i c h  c h i l l s  t h e   e t h y l e n e   g l y c o l   m i x t u r e  t o  244 K 
(440° R ) .  A s  shown i n  t h e  f i g u r e  4 i n s e t ,   i n d e p e n d e n t  pumping sys t ems   c i r cu -  
l a t e  t h e   c o o l a n t  from t h e   s t o r a g e   t a n k   t h r o u g h   t h e  t e s t  p a n e l   a n d   r e f r i g e r a t i o n  
u n i t .  To accommodate test pane l s   w i th   dua l   ( r edundan t )   f l ow  pas sages ,  t w o  flow 
loops are provided  to the   panel .   Each loop is  c a p a b l e  of flow rates up t o  
379 l i t e r / m i n  (1 00 ga l /min ) ,   w i th   i ndependen t   con t ro l  of c o o l a n t  pressure and 
t e m p e r a t u r e   a t  t h e  t e s t - p a n e l   i n l e t .  

Pane l  Holder 

Descr ipt ion.-   The RACP was mounted i n   t h e   p a n e l  holder i l l u s t r a t e d   i n  
f i g u r e   5 .  Details on  the  development  of t h i s  tes t  f i x t u r e  are g i v e n   i n   r e f e r -  
ence 7. The pane l   ho lde r   has  a sha rp   l ead ing   edge   and  a r ec t angu la r   p l an fo rm 
141 cm (55.4  in . )   wide by 300 cm (118   in . )   long .   The   depth  of t h e  p a n e l   h o l d e r  
is 30.5 cm ( 1 2   i n . ) .   E x t e r i o r   s u r f a c e s  are cove red   w i th  2.54 c m  (1 .O i n . )   t h i c k  
Glasrockl foam t i les which protect t h e   i n t e r n a l   s t r u c t u r e   f r m   t h e   a e r o d y n a m i c  
h e a t i n g   p r o d u c e d   i n   t h e   w i n d   t u n n e l .  The pane l   ho lde r  i s  s t ing   moun ted  a t  its 
base for tests i n   t h e   t u n n e l .  Test p a n e l s  are mounted i n  a r e c t a n g u l a r   c a v i t y  
108 c m  (42.5  in .  ) wide by 152 c m  (60 i n .  ) long ,  located 102 c m  (40   in .  ) down- 
stream from the   l ead ing   edge .   Aerodynamic   f ences   a long   t he   pane l -ho lde r  sides 
provide  two-dimensional   f law  over   the test area, and a boundary-layer t r i p  near  

~ . . . - . . . . .. - ~ ." ~ 
~~ . .~ - ~~. 

lGlasrock: Tradename of Glasrock P r o d u c t s ,   I n c .  
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t h e   l e a d i n g   e d g e   g e n e r a t e s   t u r b u l e n t   b o u n d a r y - l a y e r  flow o v e r   t h e   t e s t - p a n e l  
s u r f a c e .  Surface p res su res   and   ae rodynamic   hea t ing  rates over t h e  test area 
are varied by p i t c h i n g   t h e   p a n e l   h o l d e r .   D i f f e r e n t i a l - p r e s s u r e   l o a d i n g  on  t h e  
test  panel   can  be c o n t r o l l e d  by r e g u l a t i n g   t h e   c a v i t y   p r e s s u r e   u n d e r   t h e  test 
panel .  Details of t h e   d i f f e r e n t i a l - p r e s s u r e   c o n t r o l   s y s t e m  are described i n  
r e f e r e n c e  7.  

RACP instal la t ion.-  Since t h e  RACP was smaller t h a n   t h e  test  c a v i t y   i n   t h e  
p a n e l   h o l d e r ,   t h e   c l o s e o u t   f i x t u r e  shown i n   f i g u r e  6 was used t o  mount t h e  RACP 
i n   t h e  pane l  h o l d e r .  The c l o s e o u t   f i x t u r e  was bolted to  t h e  walls o f   t he  t e s t  
cavi ty   and   cons is ted   o f   2 .54-an  (1 . O  i n .  1 t h i c k   i n s u l a t i o n   b l o c k s   b o n d e d  to a n  
a luminum-f rame   subs t ruc tu re .   Sane   de t a i l s  of t h e  RACP i n s t a l l a t i o n   i n   t h e  
c l o s e o u t   f a i r i n g  are shown i n   f i g u r e  7 .  S e c t i o n  A-A shows t h e   s t a i n l e s s - s t e e l  
f o r w a r d   f a i r i n g   u s e d  to t r a n s i t i o n  from t h e   p a n e l - h o l d e r   s u r f a c e  t o  t h e  RACP 
s u r f a c e .   T h e   f i x t u r e  was f l u s h   w i t h   t h e   p a n e l - h o l d e r   s u r f a c e   a n d   e x t e n d e d   o v e r  
and mated w i t h   t h e   c o n t o u r   o f   t h e   b e a d e d   h e a t   s h i e l d .   I n s u l a t i o n   b l o c k s   c o v e r e d  
w i t h  two Layers  of silica c l o t h   i n s u l a t i o n  to  m i n i m i z e   a i r f l o w   i n t o   t h e   t h e r m a l  
stress relief slots also p r o v i d e d   a d d i t i o n a l   s u p p o r t  to  t h e   f o r w a r d   f a i r i n g .  
T h e   f o r w a r d   f a i r i n g  was f a s t e n e d  t o  the   ups t r eam wall of t h e  test c a v i t y   w i t h  
0.24-cm (3/32 i n .  1 diameter bolts. 

S e c t i o n  B-B shows t h e   i n t e r f a c e   b e t w e e n   t h e   l o n g i t u d i n a l   e d g e   o f   t h e  RACP 
a n d   t h e   c l o s e o u t   f i x t u r e .  R e d  41 s i d e   f a i r i n g s  were a t t a c h e d  t o  t h e   h e a t  
sh ie lds   and   suppor ted   by  lips o n   t h e   i n s u l a t i o n  blocks and s lo t ted  L-shaped 
s t a i n l e s s - s t e e l   s i d e   r e t a i n e r s   w h i c h  were bolted t o  t h e  aluminum  support  beams. 
I n s u l a t o r  s t r ips  isolated t h e   s i d e   f a i r i n g s   f r o m   t h e   s i d e   r e t a i n e r s  t o  r e d u c e  
t h e r m a l   g r a d i e n t s   i n   t h e  side f a i r i n g s .  

The t r a n s i t i o n   b e t w e e n   t h e   h e a t - s h i e l d   b e a d e d   s k i n   a n d   t h e   a f t   e n d  of t h e  
c l o s e o u t   f i x t u r e  is shown i n   s e c t i o n  C-C o f   f i g u r e  7 .  The f l a t s  on   the   beaded  
s k i n  of t h e   h e a t   s h i e l d  were a t  t h e  same l e v e l  as t h e   l e a d i n g   e d g e  of t h e  
t a p e r e d   i n s u l a t i o n   b l o c k .  The f l a t   s t a i n l e s s - s t e e l   a f t   f a i r i n g  was sandwiched 
be tween   t he   s t andof f   pos t s   and   hea t - sh i e ld   sk in .   Th i s   a r r angemen t  l e f t  t h e  
c rown  por t ion  of the   beaded   sk in   open   and   p rov ided   ven t ing  t o  r e l i e v e   p r e s s u r e  
b e h i n d   t h e   h e a t   s h i e l d   d u r i n g   w i n d - t u n n e l   s t a r t i n g   t r a n s i e n t s .  

The RACP assembly was f u r t h e r   s e c u r e d  by b o l t i n g   t h e   c o o l e d - p a n e l   t r a n s -  
v e r s e   s u p p o r t  beams t o  t h e  s teel  channel  mounting beams ( f i g .  51, which, i n  
t u r n ,  were b o l t e d  t o  t h e   t e s t - c a v i t y   l e a d i n g -   a n d   t r a i l i n g - e d g e  walls. Metal 
shims were used to  p o s i t i o n   t h e   e n t i r e   a s s e m b l y  so t h a t   t h e   e d g e s  of t h e  close- 
o u t   f i x t u r e  were f l u s h   w i t h   t h e   p a n e l - h o l d e r   s u r f a c e .   I n   f i g u r e  8, t h e  RACP is 
shown i n s t a l l e d   i n   t h e   p a n e l   h o l d e r   i n   t h e  test chamber of t h e  wind  tunnel .  

I n s t r u m e n t a t i o n  

The RACP was instrumented  with  thermocouples   and pressure gages.  Thermo- 
c o u p l e   l o c a t i o n s  are shown i n   f i g u r e  9,  a n d   p r e s s u r e   o r i f i c e   l o c a t i o n s  are shown 
i n   f i g u r e   1 0 .  A t o t a l  of 78 chromel-alumel  thermocouples were used t o  monitor 
tempera tures   on   the  RACP components: 28 o n   t h e   h e a t   s h i e l d s ,   1 0  on t h e   i n s u l a -  
t ion  packages,   and 40 o v e r   t h e   s u r f a c e s  of the c o o l e d   p a n e l .   S u r f a c e   p r e s s u r e s  
were measured a t  two l o c a t i o n s ,   a n d   t e s t - c a v i t y   p r e s s u r e s  were measured a t  f o u r  
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l o c a t i o n s   u n d e r   t h e  RACP as shown i n   f i g u r e  10. A l l  pressure   measurements  were 
ob ta ined   u s ing  0.1 5-cm (0.06 i n . )   i n s i d e  diameter s t a i n l e s s - s t e e l  or i f ice  tub-  
ing   connec ted  t o  s t r a i n - g a g e   p r e s s u r e   t r a n s d u c e r s  located i n   t h e   c a v i t y   u n d e r  
t h e  FtAcP to  avo id   exposure  to h igh   t empera tu res .   Add i t iona l ly ,   t he rmocoup les  
and   pressure   gages  were located a t  t h e   c o o l a n t   i n l e t   a n d   o u t l e t  ports, and a 
t u r b i n e   f l o w  meter w a s  located i n  t h e  flow c i r c u i t  t o  m o n i t o r   t h e s e   i m p o r t a n t  
f law parameters d u r i n g   t h e  tests. 

T h e   t h e r m o c o u p l e   j u n c t u r e s   o n   t h e   h e a t - s h i e l d   s u r f a c e  were formed  by spot- 
we ld ing   t he  leads to the   su r f ace   approx ima te ly   0 .08  c m  (0.03  in . )  apart. On 
t h e   i n s u l a t i o n  package s u r f a c e s ,   t h e   t h e r m o c o u p l e   l e a d s  were spot-welded to  
small metal tabs which were then  spot-welded to  t h e   i n s u l a t i o n  f o i l  cover .  To 
avoid  possible crack starters from  welding or peening ,   thermocouple   junc tures  
f o r   t h e  cooled p a n e l  were formed by w e l d i n g   t h e  leads t o g e t h e r  t o  form a small 
bead   and   then   bonding   the   thermocouples  t o  t h e  aluminum  panel   surfaces .  

Bes ides   t he   u se  of thermocouples ,   de ta i led   coverage  of t h e   h e a t - s h i e l d  
su r face   t empera tu res   du r ing   ae rodynamic   hea t ing  was o b t a i n e d   u s i n g   a n   i n f r a r e d  
radianeter system similar to  t h a t   d e s c r i b e d   i n   r e f e r e n c e  8. The radiometer was 
l o c a t e d  outside t h e  tes t  stream about  208 cm ( 8 2   i n . )   a b o v e   t h e   h e a t   s h i e l d   a n d  
scanned a 97-cm ( 3 8   i n . )   s q u a r e  as shown i n   f i g u r e   1 1 .   T h i s  area was surveyed 
by 1 6 0 0   s c a n   l i n e s / s e c   a n d   r e q u i r e d  1 /I 6 sec for a complete scan.  

High-speed  motion-picture  cameras were used for pho tograph ing   t he  RACP 
dur ing   wind- tunnel  tests. The  movie-camera  locat ions are shown i n   f i g u r e   1 1 .  
S t i l l  photography was used t o  r e c o r d   t h e  RACP appearance  between tests as 
r e q u i r e d   t h r o u g h o u t   t h e  t e s t  series. 

Test F a c i l i t y  

The tests were conduc ted   i n   t he   Lang ley   8 - foo t   h igh - t empera tu re   s t ruc tu res  
t u n n e l  shown s c h e m a t i c a l l y   i n   f i g u r e   1 2 ( a ) .  T h i s  f a c i l i t y  i s  a hypersonic  blaw- 
down wind t u n n e l   t h a t   o p e r a t e s  a t  a nominal Mach number of 7, a t  t o t a l  p r e s s u r e s  
between 4.1 and 24.1 MPa (600  and 3500 ps ia)  , and a t  nominal to ta l  tempera tures  
between  1390  and  2000 K (2500O  and 3600O R)  . Corresponding   f ree-s t ream Re  n o l d s  
numbers are between 1 x 1 O6 and 1 0  x 1 O 6  per meter (0 .3  x 1 O6 and 3.0 x 1 0  % per 
f o o t ) .   W i t h i n   t h e   o p e r a t i n g   e n v e l o p e   b o u n d e d   b y   t h e s e   c o n d i t i o n s ,   t h e   a e r o d y -  
namic   p ressures   and   hea t ing  rates e n c o u n t e r e d   i n   f l i g h t  a t  Mach 7 i n   t h e  a l t i -  
tude  range  between  24  and  40 km (80 000 and  130 000 f t )  are ob ta ined .   O the r  
detai ls  on t h i s  test f a c i l i t y  are reported i n   r e f e r e n c e  7. 

The test model i s  i n i t i a l l y   s t o r e d   i n  a pod below t h e  test stream 
( f i g .   1 2 ( b ) )  t o  protect it from a d v e r s e   t u n n e l   s t a r t - u p   t r a n s i e n t s   a n d   a c o u s t i c  
loads .   The  model is c o v e r e d   w i t h   a c o u s t i c   b a f f l e s   ( f i g s .   1 2 ( b )   a n d   1 2 ( c ) )   u n t i l  
t h e   d e s i r e d   h y p e r s o n i c   f l a w   c o n d i t i o n s  are e s t a b l i s h e d .  The b a f f l e s  are t h e n  
r e t r a c t e d   a n d   t h e  model r a p i d l y   i n s e r t e d   i n t o   t h e  stream on a h y d r a u l i c a l l y  
a c t u a t e d   e l e v a t o r   c a p a b l e  of t r a v e l i n g   t h e  2.1 m (7  f t )  t o  t h e   c e n t e r  of t h e  
stream i n   a p p r o x i m a t e l y  1 sec. A model p i t c h   s y s t e m   p r o v i d e s  a r ange   o f   ang le s  
o f   a t t a c k   o f  -20° t o  20°. Before tunnel   shutdown,   the  model is withdrawn  from 
t h e  stream a n d   c o v e r e d   w i t h   t h e   a c o u s t i c  baffles.  The b a f f l e s   a t t e n u a t e  the 

7 



acoustic  energy from approximately 8 t o  1 2  dB over  the  range of combustor 
pressure. Other de ta i l s  of the  acoustic  baffles  are  given i n  reference 7. 

A heater  system was used for both the   s ta t ic   rad ian t   t es t s  and as a pre- 
heater  for t h e  aerothermal t e s t s .  The heater  system  consisted of quartz-lamp 
radiators mounted inside  the  acoustic-baffle boxes ( f ig .   12 (b ) ) .  The radiant 
lamps were  pawered by an ignitron  tube power supply and  were controlled by a 
closed-loop  servo  system to  give  the  desired  temperature  histories.  Surface 
temperatures above 1255 K (2260O R) can be obtained  using  the  preheat system. 
A more detailed  discussion of the  preheat system is given i n  reference 7. 

Tests 

To assess  the  thermal and aerothermal performance of  the RACP, it was 
subjected  to  repeated  radiant  heating  thermal  tests and radiant-preheat  aero- 
thermal tests  (designated  aerothermal  tests), w i t h  temperature  histories sim- 
i lar   to   those Shawn i n  figure 13 .  For both the  radiant  heating  thermal and 
aerothermal  tests, t he  coolant flaw circulation system was s tar ted and the 
system adjusted u n t i l  the  desired  values  for  coolant  inlet  temperature and 
pressure and flow r a t e  were obtained. The radiant lamps  were then used t o  
heat  the RACP a t  2.8 K/sec ( 5 O  R/sec) u n t i l  the  heat  shields reached  approxi- 
mately 1060 K (1 91 Oo R) . For the  radiant  heating  thermal  tests ( f i g .  1 3 ( a ) )  , 
the  heat-shield  temperature was held a t  approximately 1060  K (1 91 Oo R )  for 
periods of  80 t o  501 6 sec   to  allow  the RACP t o  reach  thermal  equilibrium; to  
terminate a tes t ,   the   surface was allowed to   cool   a t  2.8 K/sec (5O R/sec) 
until natural  cooling  occurred  at a lower rate.  For t h e  aerothermal t e s t  
( f ig .  1 3 ( b ) ) ,  the  heat-shield  temperature was held a t  approximately 1060  K 
(1 91 Oo R) u n t i l  the RACP reached  thermal  equilibrium. The tunnel was then 
s tar ted and af te r  flow was established  (note change i n  time scale) , the  heat- 
ers were retracted and the RACP injected  into  the  stream. About 1 5  sec 
elapsed from the time the  heaters were retracted u n t i l  the RACP entered  the 
stream and  was pitched  to  the  desired  angle of attack. During t h i s  process, 
the  heat  shields  cooled  to  about 950 K (1 71 Oo R )  . Aerodynamic heating pro- 
vided by the  stream  rapidly  reheated  the  heat  shields  to about 1090 K (1960O R ) .  
However, because of the  short  run time and lag i n  thermal  response of the  cooled 
panel  provided by the  insulation,  the  cooled  panel  did  not  recover t o  its i n i -  
tial  equilibrium  temperature. A t  the end  of the  tunnel  run,  the RAB was 
retracted from the  stream and covered by the lamps and acoustic  baffles,  the 
tunnel was s h u t  dawn, and the  heaters were used to  control  the RACP cooling 
rate.  

Data Acquisition 

During thermal t e s t s  and preheating  for  tunnel  tests, thermocouple and 
strain-gage  outputs were recorded a t  2-sec intervals .  During the  aerothermal 
portion of the t e s t s ,  thermocouple and pressure-transducer  outputs were 
recorded a t  a sampling ra te  of 20fsec.  Analytical  quantities  reported  herein 
€or  the  wind-tunnel tes ts   are  based on the  thermal,  transport, and flow proper- 
t i e s  of the combustion products t e s t  medium as  determined from reference 9. 
Results from tunnel-stream  survey tes t s   ( re f .  1 0 )  were used t o  determine  free- 
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stream c o n d i t i o n s   i n   t h e  tes t  sec t ion   f rom  re ference   measurements  i n  t h e  com-  
bustion  chamber.  Local Mach number and   f l aw   cond i t ions  were ob ta ined   f rom 
oblique-shock relations.  

RESULTS AND DISCUSSION 

Summary o f   P a n e l   T e s t s  

The RACP was s u b j e c t e d  to a to t a l  o f   1 5   t h e r m a l   c y c l e s ;  of t h e s e ,   1 0  were 
r a d i a n t l y   h e a t e d   t h e r m a l  tests and 5 were a e r o t h e r m a l  tests w i t h   r a d i a n t  pre- 
h e a t .  A test summary is g i v e n   i n   t a b l e  I. The order of t e s t ing ,   nomina l   hea t -  
s h i e l d   s u r f a c e   t e m p e r a t u r e ,  time a t  p e a k  s u r f a c e   t e m p e r a t u r e ,  coolant i n l e t  
and   ou t l e t   t empera tu re ,   nomina l   coo lan t   f l ow rate,  and absorbed h e a t   f l u x  are 
i n c l u d e d   i n   t h e  table.  All t h e  tests were m n d u c t e d  a t  a nominal   coolan t  f l o w  
rate of 1 3  &/min ( 3 . 4  gal/min) . I n   t h e  tests, the   nomina l   hea t - sh i e ld  surface 
tempera ture   ranged  f r m  101 2 K (1 821" R) t o  11 03 K (1 986O R) , a n d   t h e   c o o l a n t  
i n l e t   t e m p e r a t u r e  was v a r i e d   f r m  279 K (502O R) to  333 K (600O R)  . D u r i n g   t h e  
test program,  the RACP was exposed t o  e l e v a t e d   h e a t - s h i e l d  temperatures for 
3.5 hr and t o  t h e  Mach 6 .6   s t r eam  fo r   137  sec. F i g u r e   1 4   c o n t a i n s  a summary 
of t h e  n o m i n a l   h e a t - s h i e l d   s u r f a c e   t e m p e r a t u r e   a n d   c o o l a n t   i n l e t   t e m p e r a t u r e  
h i s tor ies  f o r   e a c h  test. Free-stream and local aerothermal tes t  c o n d i t i o n s ,  
d i f f e r e n t i a l   p r e s s u r e  across t h e  RACP, un i t   Reynolds   number ,   and   ca lcu la ted  
i n c i d e n t   c o l d - w a l l   h e a t   f l u x   a r e   s u m m a r i z e d   i n  t ab le  11. These tests imposed 
i n w a r d   a c t i n g   d i f f e r e n t i a l   p r e s s u r e s   o f  a p r o x i m a t e l y  2 kPa (0.3 p s i )  and a 
nomina l   hea t   f l ux  of 1 3 6  kW/m2 (1 2 B t u / f t  3 -sec) on  t h e  RAB. 

RACP Thermal  and Aerothermal Performance 

T y p i c a l   l o n g i t u d i n a l   t e m p e r a t u r e   d i s t r i b u t i o n s   f r o m   b o t h   r a d i a n t   a n d   a e r o -  
t h e r m a l   h e a t i n g  of t h e  RACP ( tes t  1 4 )   a r e  shown i n   f i g u r e   1 5 .  The measured 
tempera tures  are compared   wi th   ana ly t ica l  temperatures p r e s e n t e d   i n   r e f e r e n c e   6 .  
The predicted t e m p e r a t u r e s  for the  heat s h i e l d s  are for t h e  f l a t s  between t h e  
beads  and the bottom of t h e   c o r r u g a t i o n s .  The p r e d i c t e d   t e m p e r a t u r e s   f o r  t h e  
c o o l e d   p a n e l  are for t h e   o u t e r   s k i n  midway between t h e  c o o l a n t  t u b e s  and for 
r e g i o n s   a d j a c e n t  t o  f a s t e n e r s   w h i c h   p e n e t r a t e   t h e   c o o l e d   p a n e l .   B o t h   t h e  radi- 
a n t  and   ae ro the rma l   hea t ing   o f  the  RACP produce similar r e s u l t s ,   e x c e p t   t h a t  
t h e  time of e x p o s u r e   i n   t h e   w i n d   t u n n e l  was n o t   s u f f i c i e n t  to b r i n g   t h e   c o o l e d  
panel   back to  equ i l ib r ium  t empera tu res .  The good agreement  between  the  measured 
a n d   a n a l y t i c a l   t e m p e r a t u r e s   i n d i c a t e s   t h a t  t h e  RACP performed as expected,   and 
t h e  good  agreement   between  the  radiant   and aerothermal h e a t i n g   r e s u l t s   i n d i c a t e s  
t h a t   t h e  s l i p  j o i n t   b e t w e e n   t h e   h e a t   s h i e l d s   p r e v e n t e d   h o t - g a s   i n g r e s s  t o  t h e  
cooled pane l   wh ich   cou ld   s e r ious ly   deg rade   t he  RACP thermal  performance. The 
misma tch   be tween   t empera tu res   on   t he   i n su la t ion   i nne r   su r f ace   and  t h e  cooled 
p a n e l   p r o b a b l y   r e s u l t s  from a g a p   b e t w e e n   t h e   i n s u l a t i o n   a n d   p a n e l   c a u s e d  by 
i n s t r u m e n t a t i o n  leads. I n  fact ,  the   p roblem appears t o  w o r s e n   n e a r   t h e   o u t l e t  
end of t h e   p a n e l   w h e r e   t h e  number of i n s t r u m e n t a t i o n   l e a d s  is l a r g e s t .  

I " 

A t e m p e r a t u r e   d i s t r i b u t i o n   t h r o u g h   a n  RACP cross section is shown i n   f i g -  
u r e   1 6  ( tes t  1 4   r a d i a n t   p r e h e a t ) .   T h i s   f i g u r e   i n d i c a t e s   t h a t   t h e  major tem- 
p e r a t u r e   d r o p   f r o m   t h e   h e a t - s h i e l d   t e m p e r a t u r e  of 1065 K (1 91 8 O  R) t o  t h e  
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coo led -pane l   su r f ace   t empera tu re  of 370 K (667O R) o c c u r s  across t h e   0 . 3 2 - ~ n  
(0.1  25 i n .  ) t h i c k   i n s u l a t i o n   l a y e r .   T h e   f i g u r e  also shows t h a t   t h e   i n n e r   s k i n  
of the   coo led   pane l  is o p e r a t i n g   a b o u t   1 8  K (32O R) cooler t h a n   t h e   o u t e r   s u r -  
face. A n a l y t i c a l   p r e d i c t i o n s   i n   r e f e r e n c e  6 i n d i c a t e   o n l y   a b o u t  a 5 K (1 00 R) 
t empera tu re   d i f f e rence   be tween   t he   i nne r  and o u t e r   c o o l e d - p a n e l   s u r f a c e s .  Haw- 
ever, t h e   r e s u l t s   i n   . r e f e r e n c e .  6 were o b t a i n e d  for a n   a d i a b a t i c   ( n o   h e a t  loss) 
i n n e r   s u r f a c e .   I n  real i ty ,  t h e   i n n e r   s k i n  loses some h e a t  to its sur roundings  
a n d   t h e   1 8  K (320 R) t e m p e r a t u r e   d i f f e r e n c e  is n o t   c o n s i d e r e d   e x c e s s i v e .  

A tempera ture   contour  plot f r o m   t h e   i n f r a r e d   s c a n n e r  is shown i n   f i g u r e   1 7  
for t h e   f o r w a r d   h e a t   s h i e l d  ( test  1 5 ) .  The f i g u r e   i n d i c a t e s   t h a t   t h e   h e a t -  
s h i e l d   f a s t e n e r s   r e a c h   t e m p e r a t u r e s   t h a t  are a t  l ea s t  25 K (45O R) h o t t e r   t h a n  
s u r r o u n d i n g  areas of t h e   h e a t   s h i e l d s .   S i m i l a r  resul ts  were o b t a i n e d   f o r  some 
h e a t - s h i e l d  tests reported i n   r e f e r e n c e   1 1 .  Many o f   t h e   e x p o s e d   f a s t e n e r s  
p e n e t r a t e   t h e   c o o l e d   p a n e l   a n d   t h u s   p r o v i d e  a direct h e a t   p a t h   ( " h e a t   s h o r t " )  
t o  t h e   i n t e r i o r   o f   t h e   c o o l e d   p a n e l .  The des ign  of t h e  RACP i n c l u d e d   t h e  
effects o f   s u c h   h e a t   s h o r t s ;   h o w e v e r ,   t h e   s h o r t   d u r a t i o n  of t h e   a e r o t h e r m a l  
tests prevented   exper imenta l   assessment   o f   the   hea t   shor t   p roblem.  

F u l l - s c a l e   P a n e l   S i m u l a t i o n  

One o f   t h e   o b j e c t i v e s   o f   t h e  RACP test  program was t o  s i m u l a t e   t h e   t h e r -  
mal performance  of a f u l l - s c a l e  0.61-m ( 2   f t )  by 6.1-m ( 2 0   f t )   r a d i a t i v e   a n d  
ac t ive ly   coo led   pane l .   However ,   t he  1.22-m ( 4  f t )  tes t  p a n e l   d i f f e r s   f r o m   t h e  
f u l l - s c a l e   p a n e l   i n  t w o  major respects: t h e   i n s u l a t i o n   l a y e r   t h i c k n e s s  is 
0.32 c m  (0 .125   i n . )   r a the r   t han   0 .38  c m  ( 0 . 1 5   i n . ) ,   a n d   t h e   p a n e l   l e n g t h  is 
1.22 m ( 4  f t )   r a t h e r   t h a n  6.1 m (20 f t ) .  F o r   t h e  same t e m p e r a t u r e s   i n   t h e  
tes t  p a n e l   a n d   t h e   f u l l - s c a l e   p a n e l ,   t h e   e f f e c t   o f   t h e   t h i n n e r   i n s u l a t i o n  i s  
to allow more h e a t  to  p e n e t r a t e   t h r o u g h  t o  t h e   c o o l e d   p a n e l  so t h a t   t h e   c o o l e d  
tes t  panel   must   absorb  10.9 kW/m2 (0 .96   Btu / f t2-sec)   ra ther   than   the   des ign  
va lue   o f  9.1 kW/m2 ( 0 . 8   B t u / f t 2 - s e c ) .   S i n c e   t h e   h e a t - t r a n s f e r   c o e f f i c i e n t  
i n s ide   t he   coo lan t   t ubes ,   however ,  is i n v e r s e l y   p r o p o r t i o n a l  to  t h e   p a n e l  
l e n g t h  ( re f .  61, the h e a t - t r a n s f e r   c o e f f i c i e n t s   i n   t h e  tes t  p a n e l   a r e   l a r g e r  
t h a n   t h o s e   i n   t h e   f u l l - s c a l e   p a n e l ;   t h e r e f o r e ,   t h e  t e s t  pane l   abso rbs   hea t  
more e f f i c i e n t l y   t h a n   t h e   f u l l - s c a l e   p a n e l .  

The t h i n n e r   i n s u l a t i o n   a n d   l a r g e r   h e a t - t r a n s f e r   c o e f f i c i e n t s   h a v e   o p p o s i t e  
e f f e c t s   o n   t h e   t e s t - p a n e l   p e r f o r m a n c e   c o m p a r e d   w i t h   t h e   f u l l - s c a l e   p a n e l   p e r -  
formance. The t h i n n e r   i n s u l a t i o n   r e q u i r e s  a l a r g e r   t e s t - p a n e l   c o o l a n t  tempera- 
t u r e  rise t h a n   f o r   t h e   f u l l - s c a l e   p a n e l .  The l a r g e r   h e a t - t r a n s f e r   c o e f f i c i e n t s  
f o r   t h e  test  p a n e l   r e s u l t   i n  a lower t e s t - p a n e l   c o o l a n t   t e m p e r a t u r e  r ise  t h a n  
f o r   t h e   f u l l - s c a l e   p a n e l .   A l t h o u g h   t h e  two e f f e c t s   p a r t i a l l y   o f f s e t   e a c h   o t h e r ,  
t h e   e f f e c t  of t h e   l a r g e r   h e a t - t r a n s f e r   c o e f f i c i e n t s   f o r   t h e  t e s t  panel  is much 
g r e a t e r   t h a n   t h e   e f f e c t   o f   t h e   t h i n n e r   i n s u l a t i o n .   T h u s ,  to  p r o p e r l y   s i m u l a t e  
c o o l e d - p a n e l   t e m p e r a t u r e   f o r   t h e   f u l l - s c a l e   p a n e l ,  it was n e c e s s a r y  t o  v a r y  
t h e   t e s t - p a n e l   c o o l a n t   i n l e t   t e m p e r a t u r e .   F i g u r e   1 8   s h o w s   t e s t - p a n e l  tempera- 
t u r e   r e s p o n s e  as a f u n c t i o n   o f   c o o l a n t   i n l e t   t e m p e r a t u r e .  The c o o l a n t   o u t l e t  
t e m p e r a t u r e   a n d   t h e   t e m p e r a t u r e   a l o n g   t h e   p a n e l   c e n t e r   l i n e  midway between 
c o o l i n g   t u b e s  a t  two loca t ions   (one   15 .2  c m  (6  i n . )  from t h e   c o o l a n t   i n l e t   a n d  
t h e   o t h e r   1 5 . 2  cm ( 6  i n . )  from t h e   c o o l a n t  ou t l e t )  are shown. A n a l y t i c a l  pre- 
d i c t i o n s  from r e f e r e n c e  6 are shown for   comparison.  The measured   and   pred ic ted  

1 0  



temper a t  ur es 
temper a t  u r  e 
ranging  f ran 

a g r e e   v e r y  well and indicate  t h a t  by v a r y i n g   t h e  coolant i n l e t  
from 283 K (510° R) to 333 K (600° R ) ,  cooled-panel  temperatures 

323 K (582O R) t o  384 K (692O R) can  be o b t a i n e d .  

S imula t ed   fu l l - s ca l e   coo led -pane l   t empera tu res  are compared w i t h   a n a l y t i -  
c a l  p r e d i c t i o n s  from r e f e r e n c e  6 i n  f i g u r e  1 9 ,  where RACP c e n t e r - l i n e  tempera- 
tures midway be tween  coolan t   tubes  are shown as a f u n c t i o n  of p a n e l   l e n g t h .  
The p r e d i c t e d   t e s t - p a n e l  coolant temperature curve  was o b t a i n e d  by a d j u s t i n g  
t h e   t e m p e r a t u r e  difference be tween  the  predicted f u l l - s c a l e  cooled-panel tem- 
p e r a t u r e   a n d   t h e  predicted f u l l - s c a l e   c o o l a n t   t e m p e r a t u r e  by t h e  ra t io  of t h e  
h e a t - t r a n s f e r   c o e f f i c i e n t   i n   t h e  full-scale p a n e l  to  t h e   h e a t - t r a n s f e r  coeffi- 
c i e n t   i n   t h e  tes t  panel .  The test  d a t a  were plotted by l o c a t i n g   t h e   c o o l a n t  
i n l e t   t e m p e r a t u r e   o n   t h e  predicted t e s t - p a n e l   c o o l a n t   t e m p e r a t u r e   c u r v e   a n d  
then   p lo t t i ng   coo led -pane l   t empera tu res   and   coo lan t  outlet  temperature as a 
f u n c t i o n  of t e s t - p a n e l   l e n g t h   f r a n   t h a t   p o i n t .  To e l i m i n a t e   f l a w   e n t r y   a n d  
h e a t  short effects, only   cooled-panel  temperatures i n   t h e  l a s t  0.6 m (2  f t )  
of t h e  t es t  pane l  away from f a s t e n e r s  are shown.   Both  the  coolant   and cooled- 
panel  measured temperatures a g r e e   v e r y  well w i t h   a n a l y t i c a l   p r e d i c t i o n s .  The 
good   ag reemen t   be tween   measu red   and   p red ic t ed   t empera tu res   i nd ica t e s   t ha t   t he  
1.22-m ( 4  f t )  test  panel   can  be used t o  simulate the   thermal   per formance  of t h e  
6.1-m (20 f t )   f u l l - s c a l e  RACP a n d   t h a t   t h e   f u l l - s c a l e  RACP can be e x p e c t e d  to 
meet its thermal   per formance   des ign   goa ls .  

RACP Posttest C o n d i t i o n  

Except for s a n e   s l i g h t   d i s c o l o r a t i o n   o v e r   t h e   h e a t - s h i e l d   s u r f a c e s   a n d  
o x i d a t i o n   o n   t h e   s t a i n l e s s - s t e e l   f o i l   e n c l o s i n g   t h e   i n s u l a t i o n ,   t h e  RACP was 
i n   e x c e l l e n t   a n d i t i o n  a t  t h e   c o n c l u s i o n  of t h e  tes t  series. Figure 20 shows 
t h e  posttest c o n d i t i o n   o f   t h e   h e a t   s h i e l d s .   T h e   l i g h t - s h a d e d   r u b  marks a t  t h e  
c e n t e r   s l i p   j o i n t   i n d i c a t e  t h a t  t h e   h e a t   s h i e l d s  moved about  0.6 c m  (0 .25   i n .  ) 
when hea ted  t o  tes t  temperatures. Th i s   va lue  is c o n s i s t e n t   w i t h   c a l c u l a t e d  
v a l u e s  for t h e  790 K (1420° R) temperature change from ambien t   cond i t ions .  
A d d i t i o n a l l y ,   t h e r e  was no e v i d e n c e  of b inding  a t  t h e   j o i n t s  or buckl ing   of  
t h e  h e a t - s h i e l d   s k i n s .  

The RACP was e a s i l y   d i s a s s e m b l e d   a f t e r  t h e  test  se r ies  f o r   v i s u a l   i n s p e c -  
t i on   o f   t he   i n su la t ion   packages   and  t h e  outer surface of the   coo led   pane l .  The 
i n s p e c t i o n   r e v e a l e d   n o   e v i d e n c e   o f   f a i l u r e   o f   a n y   c o m p o n e n t   p a r t s .  The post- 
tes t  c o n d i t i o n   o f   t h e   i n s u l a t i o n   p a c k a g e s  i s  shown i n   f i g u r e  21 . The s t a i n l e s s -  
s teel  f o i l  c o v e r i n g  for t h e   i n s u l a t i o n   n e x t  t o  t h e   h o t   h e a t - s h i e l d   s u r f a c e  
showed sane mi ld   ox ida t ion ,   bu t   t he   i n su la t ion   package   r ema ined   comple t e ly  
i n t a c t   a n d  showed  no o t h e r   s i g n s  of d e t e r i o r a t i o n .  The  appearance  of   the 
c o o l e d   p a n e l   a f t e r   t h e  tes t  series was v i r t u a l l y   u n c h a n g e d ,   a n d   t h e r e  were no 
s i g n s  of e i t h e r   h o t - g a s   i n g r e s s  t o  t h e   c o o l e d - p a n e l   o u t e r   s u r f a c e  or c o o l a n t  
leakage  as a r e s u l t  o f   t he  tests. 

CONCLUDING REMARKS 

A f l i g h t - w e i g h t   r a d i a t i v e   a n d   a c t i v e l y   c o o l e d  honeycomb sandwich   s t ruc -  
t u r a l   p a n e l  (RACP) applicable to hydrogen-fue led   hypersonic  a i r c ra f t  was 
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s u b j e c t e d  t o  m u l t i p l e   c y c l e s  of b o t h   r a d i a n t   a n d   a e r o t h e r m a l   h e a t i n g  t o  evalu-  
ate its aero thermal   per formance .  The 0.61-m ( 2  f t )  by 1.22-m ( 4  f t )  tes t  spec- 
imen was des igned   and  fabricated unde r   con t r ac t   fo r  tests i n  NASA f a c i l i t i e s .  
The test p a n e l   i n c o r p o r a t e d  a l l  t h e   e s s e n t i a l   f e a t u r e s   o f  a f u l l - s c a l e  0.61-m 
( 2  f t )  by 6.1-m (20 f t )  radiative a n d   a c t i v e l y  cooled pane l   des igned  t o  with- 
s t a n d  a u n i f o r m   i n c i d e n t   h e a t   f l u x   e q u i v a l e n t  to 1 3 6  kW/m2 (12   Btu / f t2-sec)  t o  
a 422 K (760° R) surface temperature. The tes t  s p e c i m e n   f e a t u r e d   c o r r u g a t i o n -  
s t i f f ened ,   beaded- sk in   Reng  41 h e a t   s h i e l d s  backed by a t h i n   l a y e r  of high- 
t e m p e r a t u r e   i n s u l a t i o n   c o n t a i n e d   w i t h i n  a s t a i n l e s s - s t e e l  f o i l  package  and  an 
adhesively  bonded  aluminum  honeycomb  sandwich  structure  with  half-round  coolant 
t ubes   nex t  t o  the   s andwich   sk in .  A 60/40  mass   solut ion of e thy lene   g lyco l /wa te r  
was used to cool t h e  RAB. F r a m e s   r e p r e s e n t a t i v e  of t y p i c a l   t r a n s p o r t   a i r c r a f t  
c o n s t r u c t i o n   s u p p o r t e d   t h e   p a n e l  a t  0.61-m ( 2   f t )   i n t e r v a l s .  The RACP was sub- 
j e c t e d  to 1 5   t h e r m a l  tests, f ive   o f   which   combined   rad ian t   and   aero thermal  test  
segments to  r e p r e s e n t   e n v i r o n m e n t a l   h e a t i n g   c o n d i t i o n s .  A l l  a e r o t h e r m a l  tests 
were c o n d u c t e d   i n   t h e   L a n g l e y   8 - f o o t   h i g h - t e m p e r a t u r e   s t r u c t u r e s   t u n n e l  a t  a 
nominal   f ree-s t ream Mach number of  6.6.  The RACP was h e a t e d  by r ad ian t   l amps  
f o r  a to ta l  of 3.5 hr a t  a s u r f a c e   t e m p e r a t u r e  of approximately  1060 K (1 91 Oo R )  
and was t e s t e d   i n   t h e  stream f o r  a t o t a l  of  137 sec. 

The tests r e v e a l e d   t h a t   t h e  RACP responded t o  r a d i a n t   a n d   a e r o t h e r m a l  
h e a t i n g  as predicted: t h e   h e a t   s h i e l d s   r e a c h e d   1 0 8 0  K (1945O R ) ,  t he   coo led  
pane l   r eached  a maximum tempera ture   o f   382  K (687O R)  midway between  coolant  
t u b e s ,  and   t he   coo led -pane l   abso rbed   hea t   f l ux   r anged   f rom  9 .4  kW/m2 
(0.83  Btu/f t2-sec)  to  11  .9 kW/m2 ( 1 . 0 5   B t u / f t 2 - s e c ) .   V a r i a t i o n   o f   t h e  tes t -  
p a n e l   c o o l a n t   i n l e t   t e m p e r a t u r e   p e r m i t t e d   s i m u l a t i o n  of the   t he rma l   pe r fo rmance  
for t h e   f u l l - s c a l e  0.61-m ( 2   f t )  by  6.1-m (20 f t )   r a d i a t i v e   a n d   a c t i v e l y   c o o l e d  
p a n e l   a n d   i n d i c a t e d   t h a t   t h e   f u l l - s c a l e  RACP can  be e x p e c t e d  t o  meet its thermal  
pe r fo rmance   des ign   goa l s .   Pos t t e s t   examina t ion   o f   t he  cooled p a n e l   r e v e a l e d   n o  
e v i d e n c e   o f   e i t h e r   c o o l a n t   l e a k a g e  or ho t -gas   i ng res s  to  the   coo led   pane l   wh ich  
c o u l d   s e r i o u s l y   d e g r a d e  its thermal   per formance .  

Langley  Research  Center  
Nat iona l   Aeronaut ics   and   Space   Adminis t ra t ion  
Hampton, VA 23665 
November 20, 1 979 
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TABLE I .- TEST S-Y 

Pp 5 

Nominal heat- Time a t  peak Coolant  temperature 
Type  of surface shield  surface 

tes t  s ec temperature 

Naninal 
flow rate  

K % K OR K Aerothermal Radiant OR 

Radiant 

Radiant 1 1044  I 1880  I 280 I ----- I 287 I 517 I 298 I 536 I 
559 31 1  540 300 ""_ 30 0 1821  1012 Radiant 

551 306 .   530   295  ""- 270 1844  1024 Radiant 

556  309  537  298 ""_ 80 1917   1065  Radiant 

556  309  537 298 "-" 1 1 0  1919  1066  

6 

524  291  502 279 30.2 I 610 1919  1066  Aerothermal 9 

533  295  510  283 ""_ , 1 1 5 5  1945  1081 Radiant 8 

531  295  510 283 -"" 535 1890   1050  Radiant 7 

538 299  513  285  8.5 58  5 1860   1033  Aerothermal 

Aerothermal, 

610  339 588  327 30 .O 805 

599 333  578  321 -"" 5  50 1 9 2 7  I 1 3  I Radiant ' 1071 

606  337  584  324 ""_ 5  016 ' 1926  1 1 2  1 Radiant ' 1070  

620  344  600 333 ""_ 5  50  1926 1070  Radiant 

545  303  523  290  30.3 9 50 1919   1066  

i 1" 800 I 37.5 1 303 

546 31  7  570 

136.5 

1 
i I 

_~ 
I 1 Total  time 12  596 

R/min 

3.4 13.0 

gal/mj 

13.0 3.4 

13.0  3.4 

13.0 3.4 

13.0  3.4 

13.0 3.4 

13.0 3.4 

13 .0  3.4 

13.4  3.5 

12 .6  

3.4 13.0 

3.1 11.9 

3.5 13.4 

3.3 

13.0 3.4 

13.0  3.4 
1 

Absorbed 
heat f l u x  

.n  

0.83  9.41 

Btu/ft2-sec kW/m2 

9.41 

10.65 

.88  9.97 

.88  9.97 

.89 10.09 

.83 

.94 

10.09 

10.88 

11.33 

11.45 

10.88 

10.20 

11.33 

11.33 

11.90 

.89 

.96 

1 .oo 

1 .01 

.96 

.90 

1 .oo 

1 .oo 

~ 1.05 



TABLE I1 .- AERCWHERMAL TEST  OONDITIONS 

T e s t  

- 
6 

9 

1 0  

- 
14 

1 5  

- 

MPa 

8.0  17.00  1767 

(31  80) (2465) 

8.0  17.06  1850 

(3330)  (2475) 

8.0 17.34  1781 

(3205) (251 5) 

pa9 
kPa kPa 

(psia) (psia) 

2.110 61 .43 

(0.306) 

62.67 2.075 

(8.91 1 

60.05 2.013 

(9.09) (0.301) 

(0.292) 

65.02 2.103 

(8.71) 

(0.305) 

61 .36 1 .979 

(9.43) 

(0.287) (8.90) 

Ma3 

- 
6.48 

6.60 

- 
6.73 

- 
6.62 

6.78 

- 

M 2  

- 
5.18 

5.26  6.83  130.86 

(0.99) (1 8.98) 

5.36  6.27  119.62 

(0.91)  (17.35) 

APS f 4 f  Rev' 
kPa kW/m2 per meter 

(psi) 

(1 1 .61)  (1.48 x l o 6 )  (+0.34) 

131.76  4.86 x l o 6  +2.34 

(Btu/ft*-sec) (per foot) 

+2.41 

(1 1 .67)  (1.44 x l o 6 )  (+0.35) 

' 132.44 4.72 x l o 6  

+2.55 

(12.11) (1.35 x l o 6 )  (+0.37) 

137.44  4.43 x l o 6  

+2.21 

(12.02) (1.48 x l o 6 )  (+0.32) 

136.41  4.86 x l o 6  

+2.07 

(12.56)  (1.35 x TO6) (+0.30) 

142.54 4.43 x l o 6  





f Beaded skin 

0 

Stando 

t t0 .508 ( 0 . 2 0 )  (0 .7214  0.0254 (0.010) 

0.87 ( 0 . 3 4 5 )  Corrugated  skin Ren6 41 h e a t   s h i e l d  

S t a i n l e s s   f o i l   S t a n d o f f   p o s t  
1 r 0 . 0 0 8  (0 .003)  /- 

Attachment   de ta i l   Heat -sh ie ld   jo in t  

F igu re  2.- Heat s h i e l d   a n d   i n s u l a t i o n  details .  (Dimensions are i n  cm ( i n . )  .) 
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Bul -kheadh ,/ Honeycomb? 

\ "anifold t u b e s  

i n a l  

II 
L T r a n s v e r s e   s p l i c e  

Plate  nut? 
Asbestos   phenol ic  

P o t t i n g  compound--/ 

H igh- s t r eng th   f a s t ene r  f A-A f 
Aluminum bushing 

(a) Assembly . 
Figure 3 . -  Actively cooled panel  details. 



i- 0.101 (0 .040)  -I k 2 . 5 4  (1.00) 

T 3.01 

Honeycomb core 

LO. 101 (0 .040)  

Cooled  panel 

' T  

0.0762 
(0.030) 

0.276 (0 .105)  
0.204 ( 0  

0.051 
(0 .020)  

Tub e 

0.51 
(0.201) 

f (1 .087)  

1 
1.080)J 1 

E . 3 6  (0'625) 
0 . 2 0 4   ( 0 . 0 8 0 ) 4  

6.66 (2 .625)  

Manifold 

(b) Panel  geometry. 

Figure 3 . -  Continued. 



h, 
0 

O u t e r   s k i n  -7 
Tube, \ 
Tab7 \ \ 

P l u g  

Sec t ion  A-A 

(c)  Tube-manifold  attachment. 

Fi lm  adhes ive  

Brazed 
t u b e l t a b  
as s emb ly 

Film  adhesive 

Manif o l d  

Figure 3.- Concluded. 



Figure 4.- Test-panel  cooling system. 
679-353 
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. ""- II t 

Thermal-protection-system  test area 

7.6 (3.0) steel channel  mounting  beams 

"- 

control  boxes 

(a) Planview  wi thout  test  pane l .  

I Aerodynamic  fence 
Fill door 

"Leading  edge  Back  surface J 
(b) Long i tud ina l  cross s e c t i o n .  

F i g u r e  5.- Details of panel   ho lder .   (Dimens ions  are i n  c m  ( i n . ) . )  
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l o s e o u t   f i x t u r e  

I n s u l a t i o n   b l o c k  

r F o r w a r d   f a i r i n g  

\Support   f rame 

h o l d e r  

S e c t i o n  A-A 
f o r w a r d   f a i r i n g  

r H e a t  s h i e l d  

F a s t e n e r  

,-Side f a i r i n g  

I n s u l a t i o n   b l o c k  

I n s u l a t o r  
Aluminum 
s u p p o r t   p l a t e  

F a i r i n g   r e t a i n e r  

S e c t i o n  B-B 
s i d e   f a i r i n g  

A f t   f a i r i n g  

I n s u l a t i o n   b l o c k  

C l o s e o u t   f i x t u r e  

Aluminum 
Heat s h i e l d   s u p p o r t   p l a t e  

A c t i v e l y  
c o o l e d   p a n e l  

Support   f rame” 

S e c t i o n  C-C 
a f t   f a i r i n g  

F i g u r e  7.- D e t a i l s  of wind- tunne l   c lo seou t   f i x tu re .  
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I 

Figure  8.- RACP mounted in  wind-tunnel test  f i x t u r e .  
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Thermocouple 
on cor ruga ted  
s k i n  

(a) Heat s h i e l d s .  

(b) Insu la t ion   packages . .  

t 
I 

+ Thermocouple 
on o u t e r  and 
i n n e r   s k i n s  - 

0 Thermocouple 
on o u t e r   s k i n  
only  

+ Thermocouple 
on  outer   and 
i n n e r   s k i n s  

- 

(c) Cooled pane l .  

F i g u r e  9.- RACP thermocouple   l ayout .  
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Flow - 

Panel  holder  Closeout  fixture 

Surf McpY ace 

1-1 1-1 

Cavity 
pressures 

pressure 0 
PS- 1 

Surface 

PS-2 
0 pressure 

Figure 10.- Instrumentation  location for surface and cavity measurements. 
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Infrared  camera 1 ‘ z r l d . f i e l d -  
wi th  25’ l e n s  of view 

(a)  Top view. 

Infrared  camera 
wi th  25’ l e n s  7 Pressur ized  

c o n t a i n e r  

F i g u r e  1 1  .- Camera loca t ions   and   v iew  angles .   (Dimens ions  are i n  cm ( i n . )  .) 
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Test  chamber 
7.9 (26) diameter 

Mixing tube Diffuser 

I 

Air  ejector 

- 

b b 8 3 . 8  (275) )I 
(a)  Schematic of tunnel .  

Nozzle  exit  Panel holder Acoustic baffles 
Test chamber in test positior, and quartz-lamp 

radiators  retracted I 

Panel  holder  retracted Acoustic  baffles 
and quartz  -lamp 
radiators extended 

(b) Model pos i t ion   dur ing   prehea t .  ( c )  Model pos i t i on   du r ing  test. 

F igure  12.- Langley  8-foot  high-temperature  structures  tunnel.   (Dimensions are i n  m ( f t ) . )  



1060 K 
(1910'R) 

Temperature 

1060 K 
(1910OR) 

Temperature 

Free convective  cooling 

Radiant  heating 

Time 

(a)  Thermal cycle by radiant  heating. 

Aerothermal  heating 

4 Radiant heating- - 
convective 

cooling 
- 

Time 

(b) Radiant-preheat  aerothermal  exposure. 

Figure 13.- Typical  surface  temperature  histories. 
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Heat 
shield 
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 coolant - 
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Figure 14.- Heat-shield and coolant inlet  temperature histories. (R corresponds to  radiant  tests; 
A to  aerothermal tests.)  
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F igu re  14.-  Concluded. 



120c 

1ooa 

T, K 

600 

400 

200 

0 

Predicted  heat-shield 
temperatures  (ref. 6) 

- 
Measured  temperatures 

Aero- 
thermal Radiant 

0 0 Heat shield 
0 
0 

I Insulation  outer + Insulation  inner 
A A Cooled panel  between  tubes 
0 + Coolant - 

Predicted cooled  panel 
temperatures  (ref. 6) 

""" "- - - "" - - 4  

0.5 

x/ 11 

2000 

L 500 

T, R 
0 

1000 

500 

F i g u r e  15.- Canpar i son  of l o n g i t u d i n a l  temperature d i s t r i b u t i o n s   f r o m  
a e r o t h e r m a l   a n d   r a d i a n t   h e a t i n g   f o r  RACP ( tes t  1 4 ) .  
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'\ 
3 5 2   ( 6 3 5 )  

Figure 16.-  Typical  temperatures through radiative and actively  cooled 
panel near panel e x i t   ( t e s t  14 radiant  preheat). 
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Figure 17.- Heat-shield  temperature contours, K (OR), from test 15. 
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Measured 
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Figure 18.- Comparison  of  measured  and  predicted  cooled-panel  temperatures as function of 
coolant  inlet  temperatures. 



0 
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38: 360 

Panel thermocouple location 

Measured temperatures 
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320 - Predicted  test-panel 
coolant temperature 
from  present  paper 
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Figure 21.- Posttest  condition of RACP  insulation packages. 
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